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Abstract

One of the newest areas of research in the biomedical field is the investigation of innovative medication drug delivery methods
through nanofibers. Electrospinning has emerged as the most feasible method for producing the nanofibers with a variety of
advantageous properties that are critical in a variety of applications spanning from the environment to medicine. Electrospin-
ning is a potential technology for generating a nanofibrous materials because it allows pharmaceuticals to be inserted in the
nanofibers and delivered over a specific time. The amazing properties of nanofibers are due to their tiny pore size and high
surface area, particularly like polymer-based nanofibers. Ultra-fine fibers made from a variety of polymers, including syn-
thetic, natural, and hybrid materials, have been studied effectively. Because of their potential uses in drug delivery systems,
nanofibers with good drug-loading capabilities, regulated release, and great stability have piqued the interest of research-
ers. The manufacture of fibers at nanoscale for diverse medical applications is ensured by the multidisciplinary science of
nanotechnology which is rapidly growing which needs focused review in the current results. Recent studies have discussed
some aspect of the use of the electrospinning method to create fibers for the effective delivery of drugs. Electrospun fibers,
on the other hand, are confined to tissue scaffolding applications needs to be reviewed. This review describes an overview
of the electrospinning techniques and applications in drug delivery and the current developments in the nanomaterial-based

drug delivery systems particularly by employing nanofibers produced by the electrospinning methods.
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Introduction
Electrospinning, Nanofibers, and Advantages

Nanofibers are the excellent candidates for sustained drug
delivery methods so the electrospinning attracts the research-
ers to create novel nanofibers. Nanofibers with high capacity
for medication loading and gradual drug release have kindled
the interest in the delivery of drugs for current researchers
[1]. Electrospinning is one of the strong method for creating
nanofibrous material from diverse polymers using an elec-
tric current [2]. Multi-axial electrospinning, which employs
several concentric spinnerets, has transformed the applica-
tion possibilities of electrospinning in the recent decade [3].
Polymers with the core and shell structures are important in
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the aspect of drug delivery [4]. Electrospinning has proven
to be a simple and beneficial method used to produce, from
the micrometer to nanoscale, fiber materials for drug carri-
ers. Nanofibers may be used to produce instantaneous and
controlled medication release in a variety of situations. The
primary characteristics that form nanofibers and make them
attractive candidates for achieving immediate drug release
are their high specific surface area ratio, which constitute a
significant area of contact for dissolution their high porosity
and their ability to convert crystalline drugs to an amor-
phous form. The polymer is usually fabricated using volatile
solvents, which has led to the development of fibers with a
high surface area and porous structure. If fewer non-volatile
solvents are used they may lead to the development of fibers
having lower surface area and increasing pore size [5]. To
deliver medications locally to a specified place, the use of
nanofibrous membranes filled with therapeutic substances
is a promising strategy [5, 6]. For a range of drug delivery
applications, the fibers made using standard electrospin-
ning methods have previously been reported [7]. Majority
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of the organic solvents are used to make polymer solutions
for the electrospinning; however, these are not compatible
with several medicines and biomolecules [8] such as the
lacuna. For this, core sheath-constructed triaxial fibers can
help to alleviate some of the problems. Furthermore, triaxial
electrospinning can help to solve many other concerns in this
area, such as improving the ability of poorly soluble medi-
cines to dissolve, facilitating drug to a long-time release, and
achieving good kinetic release [9]. A quick release from the
outside shell for quick impact and a delayed release for the
long-term therapeutic release from the core can be facili-
tated by the triaxial fiber-based drug delivery systems [10].
It is difficult to deliver poor water-soluble medicines such
as anti-retroviral and chemotherapeutic medications [11,
12] that can be overcome using these mentioned nanofibers.
Electrospinning is a simple technology for manufacturing
ultrafine fibers with diameters ranging from micrometers to
nanometers and with controllable properties. By applying a
high electric field to a polymer or melt, ultrathin fibers are
produced. Long years ago, electrostatic forces were used
to create ultrafine fibers [13] which is taken as a note. Now
this technology is known as electrospinning and is gaining
popularity due to its extraordinary simplicity, adaptability,
and prospective applications in a variety of industries [14].

Uses of Electrospun Nanofiber in Medical Field

One of the most promising applications of the electrospun
nanofibers among the many possibilities is the medication
delivery. The large impact strength, high entrapment effi-
ciency, simultaneous administration of various medicines,
ease of operation, and cost-effectiveness of electrospinning
in drug delivery are all the appealing qualities [15, 16]. The
usage of electrospun fibers as drug carriers in current bio-
medical applications, particularly after local chemotherapy,
will be a promising approach for the future [17, 18]. Sev-
eral controlled drug-release characteristics, including rapid,
calm, pulsatile, postponed, and biphasic releases, have been
successfully achieved using the electrospun nanofibers [19,
20]. To boost the therapeutic efficacy of medications and
vaccines, delivery systems for drugs are used to transport
them to a specific location inside the body with a regulated
release. Increasing the medicinal drugs solubility and chemi-
cal stability is the initial step toward achieving these objec-
tives. By first increasing the level of therapeutic medicines at
the desired location and secondly improving their pharmaco-
logical effectiveness, minimizing side effects, and then sup-
plying and maintaining the concentration of those medicines
there. Due to their distinctive qualities, such as biological
properties, biodegradability, as well as surface function-
alization, micro-biodegradable polymer-based systems and
nanometer range (colloidal, particles, cannulas, and fibers)
have lot of attention in the field of drug delivery devices.

Moreover, they can achieve controlled drug release or active
targeted drug delivery and enhance medication stability and
bioavailability [21]. Oil in water nanoemulsions has become
increasingly popular for encapsulating lipophilic compounds
and for improving well the encapsulation of lipophilic com-
pounds and the improvement of medication stability and
administration, while micro-scale fluids are widely used
methods for the oral and molecules distribution via oral
and injectable routes [22]. Furthermore, because of their
inexpensive manufacturing techniques, polymeric micro/
nanoparticles are promising solutions for industrial scale-
up and the realization of the controlled medication release
[23]. Specifically, by varying the monomer composition,
crystallinity, glass transition temperature (7,), porosity, and
intrinsic viscosity, a regulated medication may be achieved.
The non-toxic metabolites that can be easily removed by the
kidney or liver in the use of alginate polymers have been
studied recently [24, 25]. When in contact with the human
body, polymers show excellent biocompatibility and can
be frequently utilized in the desired medical applications
to prevent antibody responses and even to increase inflam-
mation [26-28]. Cellulose, chitosan, gelatin, and silk pro-
teins are examples of the natural polymer that can be used
to form fibers [29]. Poly(vinyl alcohol), poly(lactic-co-gly-
colic acid), and polycaprolactone are examples of synthetic
polymers that can be used to create fibers [30, 31]. Natural
polymers are considered as a reasonably safe, biocompat-
ible, and biodegradable material in biomedical applications
[32]. The most common researchers use cellulose, a linear
polysaccharide that makes up the majority of the cell wall
structures [33]. Synthetic polymers have their own benefits
over natural polymers in terms of stability and improved
mechanical qualities. Polycaprolactone is an aliphatic semic-
rystalline polymer derived by osteolysis that contains hexa-
noic acid [34] and makes a non-toxic and well-liked fibers
are reported, such as medicine administration, wound plug
dressings, and stents, because it can be eliminated through
the digestive system. Janmohammadi et al. provided exten-
sive information on the usage of this PCL scaffolds for tissue
engineering applications [35].

Processing Techniques Used to Prepare
Nanofiber-Based Composites

This class of nanomaterial comprises nanotubes and
nanorods as well as nanofibers, which can be taken as nano-
structures. Moreover, nanoparticles can be anchored in
nanofiber bulk or on their surface, resulting in nano-fiber-
based composite materials. Nowadays, popular techniques
used to create polymeric nanostructures or fibers focus
mostly on electrospinning, self-assembly, phase separation,
drawing, and template synthesis procedures [36—40]. Batter-
ies made of sodium -ion and lithium -ion use the reported
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nanofibers [41]. Manufacture of nanofibers, nanotubes made
of polymer, metal, and metal oxide material components
[42-52].

Polymer-Based Nanofibers

Manufacture of nanofibers employing a broad variety of
polymer solutions, including both synthetic and natural recy-
clable and non-biodegradable, has become possible by the
electrospinning techniques [53-56]. Owing to a variety of
environmental problems, a recent study is concentrating on
the use of biodegradable polymers in the creation of different
biomedical applications with an environmental protection
components in it [57-65]. Nanofibers are commonly made
from polymers and copolymers [66—73]. Synthetic polymers,
as opposed to natural polymers, often offer greater versa-
tility in terms of production, processing, and alteration as
well as being more cost-effective than natural polymers. It is
also important to note that mechanical characteristic may be
modified efficiently and selectively. Synthetic polymer, how-
ever, have poor bioactivity and hence need more alterations
than natural polymers. Natural polymers, in contrast, are
intrinsically bioactive, exhibiting cell-interactive domains
on their backbones, and scaffolds created from them promote
greater cell attachment, multiplication, and differentiation
than scaffolds generated from synthetic polymers. The ben-
efits of both synthetic and natural polymers researchers have
developed include hybrid nanofiber that have physical quali-
ties and strong bioactivity making them particularly well
suited for wound regeneration [73]. Many experiments have
been undertaken to control the biological activity utilizing
biomaterials that have a specific structure and produce cell
informative signals comparable to the cellular matrix (CM)
[74-76] is the new finding. Throughout the last decade,
there has been a rise in global research and reports related
to electrospinning. The overall number of publications in
electrospinning has increased significantly over the last
20 years. These data were acquired from Scopus [77-80]
and processing parameters for electrospinning [81, 82] and
electrospun characterization for a wide range of applications
[83—86]. Nanofibers are fibers that range in diameter from 1
to 100 nm. Since they have a significant promise for a wide
range of applications and can achieve certain advantages of
nanostructured materials, furthermore, the topic of nanofib-
ers has caught the interest particularly in the nanotechnology
and nanomedicine and made tremendous development in the
recent past. Nanoparticles have been investigated for various
biomedical applications for over a decade. In general, the
use of nano-sized particles offers several advantages over
other drug delivery systems. They are used to (1) enhance
the solubility of highly hydrophobic drugs, (2) provide sus-
tained and controlled release of encapsulated drugs, (3)
increase the stability of therapeutic agents by chemical or
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physical means, (4) deliver higher concentrations of drugs
to target areas due to an Enhanced Permeation and Retention
effect, and (5) provide targeted treatments when modified
with cell-specific ligands. Drug-loaded nanoparticles often
accumulate in hair follicles and therefore facilitate the pen-
etration of drug molecules through the superficial layers of
the SC, followed by drug release into the deeper layers of
the skin. The most commonly used nanoparticles for topical
and/or transdermal drug delivery are polymeric nanoparti-
cles, nanoemulsions, lipid-based nanoparticles (liposomes
and solid-lipid nanoparticles), metal nanoparticles, and
dendrimers [14, 18, 21]. The idea will be implemented and
further elaborated in our future work that is in progress.
Nanofiber offers advantageous qualities, such as a high sur-
face area-to-mass ratio, customizable size and shape, and
the ability to build a porous mesh, which creates a good
(3D) network, which results in their increased applications
[87]. Nutrient infusion and cell penetration within the fiber-
deepening structure are the further recent advantages of 3D
electrospun scaffolds [88]. Substantial technical advances in
electrospinning technology have enabled the invention and
manufacture of desirable attributes of new polymer-based
material, with the ability to change conductivity, wettability,
and antimicrobial properties [89].

Applications of Nanofibers in Drug Delivery

To provide the necessary therapeutic impact and guarantee
its particular drug-release profile, a pharmaceutical needs
a competent drug delivery system. The disposition, timing,
and rate of release of a pharmaceutical must be customized
as closely as practical to the medication’s therapeutic
objective. Due to the clear distinguishing characteristics
of nanofibers, it is frequently used in health care to manage
pharmaceutical delivery from hydrophilic and biodegrad-
able polymers. Nanofiber-based system offer several dis-
tinct advantages for application in wound dressing. The
highly porous nature of nanofibers helps cellular respira-
tion and creates ideal surroundings to aid in wound heal-
ing. The moisture under the occlusive dressing helps in
healing and it provides optimum barrier to wound exudate
which may enclose cytokines and proteins supportive in
injury. The water vapor transmission rate through a wound
is an important parameter for selecting materials for
wound dressing. Thus, the selection of polymer for fabri-
cation of nanofiber for wound dressing is extremely essen-
tial. For this purpose, nanofibers embedded with growth
factors have shown promising results with fast recovery.
Nanofiber-based wound dressing have also been explored
for healing of chronic wounds. Recently, nanofibers have
been used for detection of hormones that created polyvi-
nylpyrrolidone/chitosan/reduced graphene oxide electro-
spun nanofibers functionalized with Laccase enzyme to
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identify 17a-ethinylestradiol (EE2), a female synthetic
hormone which alters endocrine system causing health
problems. The nanofiber mat was placed in fluorine-doped
tin oxide that together caused a synergistic effect. The
results showed a good reproducibility and a limit detection
of 0.15 pmol L™!. The device potential as a biosensor is
further confirmed by its performance in synthetic and
human urine. A novel platform used the fluorescent sens-
ing to identify nucleic acids, proteins, and cancer cells.
The design of the mat consisted in a NF-capture/target/
reporter-G3SG sandwich type to find a b-thalassemia gene
fragment. This fiber had the advantage of strong emission
of G3SG and the area—volume ratio. This proved the
highly sensitive detection not only on targets, HeLa cells
were able to be captured [15]. Nanofibers should be used
to dispense a wide range of pharmaceuticals, including
bioactive proteins, DNA, and medications, that are weakly
or completely soluble in water as well as water-insoluble
medications [90]. A composite substance is composed of
two or more materials, each of which has unique proper-
ties. When two materials are composed, they make a
harder or lighter material. Thus, the combination can
improve strength and stiffness. Fiber-reinforced composite
fibers have several advantages in the biomedical area,
including biocompatibility, biodegradability, high specific
modulus, and durability [91]. To produce synergistic
mechanical properties, a polymer composite is mixed with
reinforcing fillers in a polymer matrix [92]. Much research
has been undertaken looking at the use of this nanofiber
composite scaffolds in bone regeneration, soft tissue
reconstruction, diabetic wound healing, antimicrobial
application, blood vessel grafting, and nerve tissue engi-
neering [93—100]. Electrospinning is an important scaffold
fabrication technique employed in regenerative tissue
engineering. Synthetic and polymer-based ESM support
cell proliferation and attachment. Various types of stem
cell attachment and differentiation into specific lineage
also evidenced that the electrospun fibers are favorable cell
supporting scaffolds. Electrospun fibers are also acting as
a cell carrier to recruit the cells at the therapeutic site,
acting as a stem cell niche and biomolecule carrier. Elec-
trospun topography, mechanical properties, surface chem-
istry, and alignment are tenable which are crucial for cell
proliferation and differentiation. It could guide as well the
neurite extension. Mimicking ECM structure and ECM
chemical composition is the major advantage of electro-
spinning. Hence, electrospun fibers fabricated using poly-
mers are promising biocompatible material in regenerative
tissue engineering application. Tissue engineering is one
main area focusing on regenerative medicine, which uses
these nanofibrous scaffolds for replacement of blood ves-
sels, nerve, skin, muscle, bone, and cartilage. Several
reports are there for using the scaffolds for delivery of

drug and other bioactive molecules. In addition to the
experimental components, mathematical models for opti-
mizing and tuning in vitro and in vivo drug release have
been established [101]. The number of tests is reduced by
in silico models, which will be used to understand the
physical and chemical causes of the drug release
[101-103]. Electrospun fiber networks can be transformed
directly into hydrogels based on the type of polymer or
polymers used, but also fiber networks can be combined
with hydrogels, as in a composite, to design new func-
tional biomedical materials. In fact, hydrogel electrospun
fiber composites fortified with cells appear to be quite
promising candidates for cartilage repair. In rabbit car-
tridge damage is shown to be repaired very effectively
using a hydrogel nanofiber composite. Specifically, the
nanofiber hydrogel was used to deliver chondrocytes to
promote the cartilage repair. Self-assembled nanofiber
hydrogels are considered to be utilized with collagen-like
functions toward, for instance, cardiomyocyte culture in
2D and 3D. Recent works showed that hydrophilic self-
assembling nanofiber hydrogels can support the culture of
both rat cardiomyocytes and human embryonic stem-cell-
derived cardiomyocytes, which could lead to promising
applications in cardiac tissue engineering. Hydrogels were
also fabricated from silk nanofibers by combining -sheet-
rich silk nanofibers with amorphous silk nanofibers. The
composite nanofiber networks were transformed into
hydrogels by horseradish peroxidase cross-linking in an
electric field. Such nanofiber hydrogels demonstrated
osteogenic differentiation and the aligned aggregation of
stem cells in vitro, while also exhibiting osteo-inductive
capacity in vivo. Such improved tissue performance with
nanofiber hydrogels supports encouraging applications in
bone tissue engineering [97, 104, 105]. Nanofiber hydro-
gels also can be constructed from special blends of poly-
mers that are usually immiscible with very diverse physi-
cal and chemical properties. Therein, polyimide and
polyvinyl alcohol polymers were blended in solution and
electrospun into hydrogels that demonstrate unique
mechanical properties, particularly stretching ability suit-
able for abiotic soft tissue applications. Direct hydrogel
electrospinning is still quite challenging to be adapted to
any hydrogel material system. However, several promising
works have been reported, and this specific technology
should be furthered possibly by utilizing the concepts of
reactive electrospinning. Very recent studies showed that
co-electrospinning of biopolymers with gels or hydrogels
is also possible and that such products could be designed
specifically for drug delivery. For instance, polycaprolac-
tone nanofibers were produced by co-electrospinning with
vancomycin hydrochloride and simvastatin drugs that were
already in gel form. The resultant hydrogel/polymer
nanofiber composite could sustain drug release for as long
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as 14 days. Another notable work demonstrated synthesis
of reactive macromers that contained protease-cleavable
and fluorescent peptides that could form electrospun
fibrous hydrogels through a photoinitiated polymerization.
These nanofiber hydrogels could release hyaluronic acid
for a period of 24 days near protease implants, ensuring
effective implant—tissue interaction. The technology and
applications of encapsulated electrospun nanofibers in
hydrogel matrices included the formation of coatings from
such composites. Impressive sustained drug-release pro-
files (40 days) were reported from ultraviolet light-assisted
electrospinning of core—shell fully crosslinked poly(N-
isopropylacrylamide-co-N-isopropylmethacrylamide)
hydrogel-based nanofibers for thermally induced drug
delivery fabricated poly(L-lactide)-Rhodamine B-loaded
nanofibrous material, which encapsulated poly(N-isopro-
pylacrylamide-co-N-isopropylmethacrylamide) hydrogel
containing gold nanorods that the authors indicated had
resembled natural structures, such as jellyfish or hydra.
This nanofiber hydrogel could regulate drug release when
subjected to near-infrared light stimulation. Remarkable
sustained drug-release profiles were obtained extending
into 75 days. Furthermore, a key review article discussed

Fig. 1 Applications of elec-
trospun nanofibers in different
aspects of life
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diverse fabrication methods and extensive biomedical
applications of nanofiber-based hydrogels ranging from
bone tissue generation [77, 106].

Nanofiber materials might be employed as gene and
medication delivery carriers and scaffolds for tissue engi-
neering, cartilage, cardio, dermatology, and bone regen-
eration. Figure 1 depicts the common applications of
nanofibers/fiber composites.

A strong knowledge of the process on electrospin-
ning will enhance control of the electrospun products,
making this technique more viable. It mainly focuses on
approaches for improving drug solubility, producing bio-
molecules, and managing drug release. Moreover, inno-
vative approaches to manipulating the characteristics of
nanofibers in the context of drug administration with sup-
port from the most recent literature will be useful to the
researchers in this field. This study also provides a detailed
analysis of the research and development of electrospinned
polymer nanofibers utilized in the medication delivery.
The aim of this review is to offer an overview of the vari-
ous electrospinning methodologies for drug delivery meth-
ods by providing insight into the various techniques and
recent application applications.

Drug delivery system
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Fig.2 Schematic diagram of
electrospinning setup. A, B, C
Effect of nozzle size in electro-
spinning

E=

Electrospinning as a Method of Producing
Nanofibers

Figure 2 shows a schematic design of typical electrospinning
equipment. In this setup, a stainless-steel capillary syringe
that has a blunt end is used to hold the polymer liquid solu-
tion. The syringe is inserted into a syringe pump, which
allows the solution’s flow rate modified and precisely con-
trolled. The syringe can be oriented horizontally. Pumping

+ +
& +
+
)
E#0

of the polymer via a capillary tube that is coupled to a con-
trolled high-voltage source that delivers voltages depending
on the experimental demand typically ranges from a few to
tens of kilovolts. As a final component, the experimental
system incorporates a ground collector. Because there is a
capillary situated at a particular length from the ground col-
lector enables the generation of a strong electric field so as to
enable a fiber production process to take place. The present
level of achieving this condition is quite low, seldom. The
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electrospinning method is carried out using various capillary
systems often known as spinnerets. The three spinneret types
that are most often utilized are coaxial, single jet, and multi-
jet. Many types of collectors may also be classified. Flat
plates, meshes, rings, disks, drums, and multiple parallel;
plates are an example of illustrative collector layouts [106].
When a strong electric field is formed with a high potential
applied to the capillary polymer solution, because of the
liquid surface tension, polymer at the capillary changes to
a drop. The surface of the droplets is stable in the absence
of a field of electricity (Fig. 2A). When an electric field
is applied, electrical currents accumulate on the polymer
solution’s surface, resulting in the development of large elec-
trostatic forces which are repulsive forces (Fig. 2B). These
pressures cause distortion, resulting in the Taylor cone, a
conical droplet form. When the electric field surpasses a
particular value, the solution surface forces are crossed and
a charged jet of polymer solution is expelled from the cone’s
tip (Fig. 2C). The electric field effect caused this jet to flow
in the direction of a ground collector. The non-uniform dis-
tribution of charges within the polymer jet causes rotating
movements that alter the jet’s structure. The jet’s polymer
chains tend to stretch and align themselves due to the strong
evaporation. In the form of a pure polymer nanofiber, the
jet of polymer is subsequently deposited on the collector.
Depending on the characteristics of the solution, the deposi-
tion of the polymer nanofibers are started in the collector.

The Utilization of Nanofibers Composites
as a Medication Delivery System

An increasing interest in the physiochemical properties of
composite nanofibers created from biodegradable and bio-
compatible polymers such as their large area of surface,
tiny diameter, as well as high aspect ratio [107-110] is to
be considered. A drug carrier that fits all of these param-
eters is interestingly an electrospun nanofiber. Composite
nanofibers are multiphase fibers in which at least single
phase having a nanoscale dimension is also be considered.
Mechanical properties, such as heat resistance, are the most
important criteria in terms of the stability of the carriers. In
many domains, the chemical endurance, optical and surface
characteristics, molecular permeability, and electrical con-
ductivity of the composite nanofibers exceeded those of the
individual material components. Rezk et al. reported that
beta-tricalcium phosphate incorporates cellulose acetate and
polycaprolactone as a composite mat to imitate to stimulate
the biomineralization process that demonstrated the poten-
tial of electrospun nanofibers [111]. There are a number of
challenges that must be surmounted: 1. Electrospun fibers
necessitate the use of organic solvents in their fabrication.
Organic solvent residues make the composites less bio-
compatible. The green chemistry of preparation should be
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considered. 2. The large-scale preparation of fibers remains a
challenge in the face of industrialization needs. Multi-needle
collaborative electrospinning has issues with jet interac-
tions, needle clogging, and cleaning difficulties. Needle-free
electrospinning method initially allows the production of
large quantities of nanofibers, but they are exceedingly in
homogeneously dispersed. 3. Nanoparticles are sporadically
arranged in nanofibers, and NNHs have weak mechanical
properties. This makes them more fragile as tissue scaffolds
for tissue engineering applications. It is vital to investigate
the “bridge” that improves the interaction of NPs with the
substrate. 4. Precisely controlling nanoparticle alignment in
fibers is a huge difficulty. This has the potential to have a
significant impact on the electron transport efficiency of in
electrically sensitive drug release. This has a detrimental
impact on the biosensor as well. (5) The studies on drug
release were carried out in a more ideal environment. When
confronted with the organism’s complicated physiological
environment, more research is needed to determine how to
precisely control the drug’s initial burst release and dura-
tion of activity. Drug loading using ionized drug molecules
results in higher conductivity and, thus, a higher charge
density of the jet during fiber formation. The diameter of
the electrospun fibers decreases, leading to more rapid drug
release, at higher drug-loading levels because of the salt
effect. The incorporation of water-soluble acetaminophen
also increases the release rate of polylactic acid nanofib-
ers because the dissolution of the drug generates pores.
An increased drug content leads to increased burst release,
whereas a lower content leads to the creation of a less porous
structure upon initial diffusion. Among all the approaches
for drug loading into nanofiber, blending of the drug with
polymeric solution to generate nanofibers through a single-
phase electrospinning technique is of utmost importance,
the physiochemical properties compatibility must be con-
sidered to attain favorable drug encapsulation, distribution,
and desired release kinetics, and lipophilic drugs are loaded
in lipophilic polymers, while hydrophilic polymer solutions
drug release can be modified using a blend of hydrophilic
polymers. Several studies have indicated that addition of
hydrophilic polymers reduces burst release and improves the
drug-loading efficiency [9, 33]. They also used controlled
drug release by loading a multi-membrane of polyvinyl ace-
tate and poly(vinyl alcohol) to stimulate the release [111].
Li et al. effectively created a compound nanofiber for pro-
longed drug release composed of flexible inorganic compos-
ites with carboxy modification. That study discovered that
when additionally carboxy radicals were used to treat these
nanofibers, they gained a greater capacity for drug loading
and a sustained rate of drug release [112]. The fundamental
mechanism of an enhanced drug loading was established as
an ionic interaction between daunorubicin molecules and
the carboxyl group [112]. Coaxial electrospinning to create
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Fig.3 Coaxial electrospinning
setup

Core solution

High voltage power supply

nanofiber in the core—shell forming an N-carboxymethyl chi-
tosan/PVA/PCL composite loaded with the cancer medica-
tion doxorubicin was reported. After incorporating N-car-
boxymethyl chitosan into the polyvinyl alcohol solution, it
was electrospun separately with polycaprolactone using the
coaxial electrospinning apparatus, as illustrated in Fig. 3
[113]. In the physiological pH, carboxylic and amine groups
of N-carboxymethyl chitosan were shown to be weak that
shows higher swelling and faster doxorubicin release from
the nanofibers at an acidic pH [113]. Doxorubicin is more
readily separated from the nanofiber at this acidic pH. As a
result, the composite nanofibers made from the core—shell
matrix are excellent candidates for using as the pH-sensitive
drug carrier for doxorubicin. Zhao et al. used electrospin-
ning to create a medication delivery system from a compos-
ite nanofiber consisting of carboxymethylation integrated
polyethylene oxide. According to their finding, the inclusion
of carboxymethylation in polyethylene oxide can boost the
conductivity of the spinning solution due to the increased
ionization characteristics. When the carboxymethylation
concentration in the nanofibers was raised, the elongation
of the nanofibers decreased significantly. This existence of
hydrogen bond interactions between carboxymethylation
curdlan and polyethylene oxide in the nanofibers resulted in
a significant improvement in tensile strength and Young’s
modulus [114].

Increased humidity causes an increase in fiber porosity.
Higher temperature accelerates solvent volatilization and
decreases polymer solution viscosity, resulting in a much
smaller fiber diameter [115]. The results to be mentioned are
(1) coupling of positively charged chitosan with negatively

B =

Shell solution

SEM image

charged groups on the outer surface of the bacterium, which
attack the permeability of the cell wall; (2) the interaction of
dispersed hydrolysis products with DNA, which hinders
mRNA and protein synthesis; (3) the chelation of nutrients
important metals; and (4) the formation of a chitosan mem-
brane on the cell surface that blocks nutrients from entering
the cell or function as an oxalate barrier. Chitosan is soluble
in organic acids, such as an aqueous solution of lactic, acetic,
and formic acids, as was previously reported. Chitosan may
be made soluble in solutions of water, ethanol, methanol,
and acetone by adding a little quantity of acid. It is a posi-
tively charged polyelectrolyte with a pH of 2 to 6, resulting
in very viscous solutions [71]. Moreover, powerful hydrogen
bonds generate a network as three-dimensional that prevents
polymer chains from moving when subjected to an electric
field [116]. But electrospinning of chitosan is often regarded
as a difficult method [117]. The recent trends in chitosan
electrospinning for antibacterial applications were reported.
Furthermore, the aspect impacting chitosan's antibacterial
characteristics and the issues related to this polymer’s elec-
trospinning method were explored. There were two key ele-
ments of chitosan utilization for electrospinning nanofibers
that were highlighted. Moreover, the polymers molecular
weight must reflect the considerable role played by the num-
ber of polymer chain entanglements in the solution. Poly-
mers with a high molecular weight yield higher and less
molecular weight resulting in spheres rather than fibers
[118]. Because of the various sources of raw materials used
in their synthesis and their adaptability in the terms of chem-
ical alterations, electrospun fibers based on antibacterial
polymers appear to receive increasing attention. The
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incorporation of biocide into the fibers is a common method
used in the creation of antimicrobial nanofibers. This can be
accomplished by mixing each active molecule in the poly-
mer solution before electrospinning, entrapping the active
agent in the fiber cores by coaxial electrospinning, carrying
the active agent in nanostructures before dispersing site in
the electrospinning solution, or attaching the active agent to
the surface of the fiber. Biocides, antibiotics, metal oxide
nanoparticles, metallic nanoparticles, and bioactive natural
chemicals have all been employed in the past. For enriching
antibiotics with polymer, the medication was usually dis-
persed in the same solvent and then the polymer is slowly
mixed with stirring to form a homogeneous solution for elec-
trospinning. Many hydrophobic and hydrophilic antibiotics
(ciprofloxacin gentamycin, ampicillin, mupirocin, cefoxitin,
tetracycline, and others) have been employed in this aspect
with different polymer nanofibers (coPLA, PLGA, PCL/
PLA, PLA, and others) throughout the last decade utilizing
this straightforward approach [119, 120]. By changing initial
concentration of the drug in the electrospinning fluid, this
approach may accept a wide variety of antibiotics integrated
into the nanofibers. Antibiotics incorporated in the polymer
solution may influence the electrospinning of the polymer
and the shape of the nanofibers via the changes in the solu-
tions conductivity, surface tension, and viscosity. Kim et al.
[121] demonstrated that adding sodium cefoxitin to the PLA/
PLGA/PLA-b-PEG solution enhanced the conductivity and
electrospinnability, permitting the creation of more uniform
nanofibers, and lowered the fiber diameter [121]. Several
biocides, including, triclosan, chlorhexidine, and PHMB,
have antibacterial activity against both gram-positive and
gram-negative bacteria. Considering these qualities, it was
found that they may also be integrated to nanofibers. These
less molecular weight structures have traditionally been elec-
trospinned after being mixed in polymer solutions. These
cationic chemicals reduce the resistance of the electrospin-
ning solutions and produced a 20% drop in fiber diameter,
but had no effect on the crystallinity of the generated fibers
[122]. It should be emphasized that in aqueous solutions,
such mixing nearly invariably leads to the quick active
release of the drug from the nanofibers. But, some of the
biocides (e.g., chlorhexidine) have functional groups that
might be employed to the fiber surface and slow down the
release process [123]. The multiple benefits of the electro-
spinning approach have resulted in the creation of nanofibers
employing a diverse spectrum of polymeric solutions
[53-56]. So, the current research is concentrating on the use
of biodegradable polymers in the development of different
biomedical applications [57—-65]. Biodegradable and bio-
compatible polymers that are often used to create nanofibers
today [66—73]. Using water as a medium and then solidify-
ing electrospun materials to increase their stability in bodily
fluids is an alternative to using harmful solvents. Because of
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this, non-toxic solvents are frequently utilized in cell-elec-
trospinning and bio-electrospraying techniques to fabricate
biological structures utilizing natural polymers [124]. The
bioactive compound is surface immobilized in drug delivery
devices following electrospinning. By avoiding the direct
interaction of the key molecule with the nonaqueous solvent,
unintended molecular degradation can be prevented [125].
In the current years, it has been proven that nanometer elec-
trospun fiber could be efficient antimicrobial fiber since their
physical and chemical characteristics can be tuned to numer-
ous applications needing essential and biological activity
[78]. Because it has non-toxicity, non-mutagenicity, and
non-immunogenicity, electrospun materials polymers are
being extensively used. One of the most well-known natural
polysaccharides is chitosan, a partly N-deacetylated chitin
derivative. It is the only positively charged natural alkaline
polysaccharide that has been reported and is made up of
random combinations of D-glucosamine and N-acetyl-p-glu-
cosamine connected by a (1-4) bond in the polymer back-
bone [126]. An amino group is located at the C-6 position
of this polymer, while primary and secondary hydroxyl
groups are located at the C-6 and C-3 locations, respectively.
It can transform glucosamine molecules into the soluble
form of R-NH; [127]. A detailed examination of the avail-
able literature data revealed that the most prevalent antimi-
crobial nanofibers based on chitosan incorporated antibacte-
rial agents such as metal/metal nanoparticles, antibiotics, or
biologically active particles [128]. With the inclusion of
AgNPs, researchers were able to create nanofibrous chitosan/
polyvinyl alcohol (PVOH) fibers. The antibacterial test
revealed that these fibers had adequate resistance to E. coli,
and bacterial mortality was observed to be lowered with
increasing chitosan concentration (above 20%) in the system.
Some years back, there were results of easy biomedical
devices with two layers, the first of electrospun chitosan/
TiO, fibers and the second of adipose tissue extracellular
matrix [129]. It has been demonstrated that adding metallic
ZnO to chitosan-based fibers considerably improves their
antibacterial properties. Chitosan fibers were shown to have
minimum inhibitory concentrations (MIC) of 130 and
190 m/ml for E. coli and Candida albicans, respectively. For
E. coli and Candida albicans, the composite fibers had
reduced MIC values (110 and 160 m/ml, respectively).
Moreover, chitosan has been suggested as a matrix for gar-
cinia extract electrospinning. This material was put onto an
electrospun fiber of chitosan/EDTA/PVA and the bacteri-
cidal action against S. aureus and E. coli was well docu-
mented [130, 131]. Mixing antibiotics to a polymer solution
before electrospinning is a straight way to load large doses
of pharmaceuticals onto any polymer nanofiber, but this pro-
cedure has a significant downside. Several studies have dem-
onstrated that nanofiber antibiotics leach fast in aqueous
solutions, a process known as burst release. To give a more
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prolonged release, many ways have been employed. The
coaxial electrospinning method, the one solutionincludes
apolymer and the other solution contains an antibiotic, is one

Table 1 Different methods to produce nanofibers and their medicinal applications

preferred way. Another method for achieving prolonged
release is to encapsulate or adsorb the medication into a
nanomaterial before dissolving in the polymer solution.

Hydrogel with nanofiber State of spinning and fabrication method Application References
Polycaprolactone-polyethylene glycol Mixed solvent Axon regeneration [159]
Chitin Acidic solution Refractory wound management  [160]
Poly (lactic-co-glycolic acid)/hydroxy Cartilage tissue engineering
Butyl chitosan Mixed solvent 3D printing [161]
Fibrin/poly(ethylene oxide) Saline solution Peripheral nerve regeneration [162]
Polycaprolactone/alginate Mixed solvent Peripheral nerve regeneration [104]
Poly(vinyl alcohol)/B-cyclodextrin Difterent pH levels Glucose sensor [163]
Collagen/cellulose Acetic acid Tissue scaffold [164]
Poly (e-caprolactone)-hyaluronic acid Mechanical mixing of spun fibers Soft tissue restoration [97]
Supramolecular peptide Naturally nanofibrous Cell delivery [105]
Polyvinyl alcohol/alginate Water solution Burn treatment [165]
Thiolated hyaluronic acid/polyethylene Storage moduli similar to spinal cord nervous tissue  Spinal cord regeneration [166]
glycol diacrylate/polycaprolactone
Polycaprolactone/chondrocyte/alginate Mixed solvent Cartilage injury [167]
PuraMatrix™ peptide hydrogel Acidic solution Subcutaneous injection [168]
Chitin Mixed solvent Bone regeneration [169]
Keratin/ polyurethane Acidic solution Tissue engineering gel [170]
Alginate/gelatin/bacterial nanocellulose 3D printing Neural tissue engineering [171]
Alginate/polylactic acid 3D printing Cardiovascular stents nerve [172]
Polylactide-co-caprolactone/ collagen 3D printing Nerve regeneration [173]
Bacterial cellulose/silk 3D printing Soft tissue repair [174]
Cellulose/PVA/sodium alginate 3D printing Scaffold [175]
Agarose/acrylamide 4D printing Scaffolds, soft medical robots [176]
Cellulose nanofiber 3D printing Scaffold, drug release [177]
Peptide/gelatin 3D printing Vascularization [178]
Bacterial cellulose/silk 3D printing Lung tissue regeneration [179]
Alginate/gelatin/carbon nanofibers 3D printing Neuronal tissue engineering [180]
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Taking these qualities into consideration, it was discovered
that they may also be integrated into nanofibers [122, 132].
Table 1 highlights the new recent improvements in the novel
nanofibers in terms of various types of polymers employed
and applications addressed.

Types of Nanofibers Composite Reported
in Medication Delivery

Nanocomposite materials consist of anisotropic and inhomo-
geneous materials in nature. A composite material is formed
by combining at least two synthetic or natural components,
often with opposing chemical or physical properties, to
form a stronger new material [133]. Nonetheless, the mate-
rial does not completely mix or lose their distinct nature,
rather, they integrate and contribute their most advantageous
features to improve the result or final product. Composite
materials are classified based on their composition, which is
separated into two types, base raw and filler material [134].
In general, the base material that interacts or holds the filler
material together is called as a matrix or a binder, while the
filler materials can be known in the presence of natural and
synthetic materials in the form of fibers, filaments, particles,
sheets, or fragments [134]. As shown in Fig. 4, fiber is an
excellent example of a filler that has been incorporated with
a base material to create fiber-reinforced materials. Accord-
ing to the matrix component, composite nanofibers may be
categorized into three categories: polymer matrix compos-
ites such as PVA/CNT nanofibers [135], composite ceramic
matrix materials, for example, collagen/nanohydroxyapatite
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nanofibers [136], as well as metal matrix composites, such
as ZnO/PAN nanofibers [137]. Polymer matrix composites
are made up of an organic polymer continuous phase and a
reinforced fiber dispersion phase [138]. The spontaneous
phase functions as a matrix, keeping the fibers intact and
enabling good weight transmission [139, 140]. In the case
of ceramic fibers, fibers are placed in a ceramic matrix to
create ceramic matrix composites to design non-rigid ceram-
ics [141]. Metal matrix composites are also materials made
by adding reinforcement to an alloy or metal matrix in the
form of particles, fibers, whiskers, or even sheet metal [142].
Metal-loaded matrix composites provide a wide range of
features that surpass rigid initial materials, including strong
mechanical forces, resistance to wear, and also well as cor-
rosion [142]. A good composite is chosen based on the
applications used. So, polymer-based ceramic nanofiber
composites might be a great option for medical applications
where organic and inorganic components offer an important
contribute in bone tissue construction. For example, poly-
caprolactone/hydroxyapatite nanofibers have been employed
as a medication carrier for rifampicin for the treat infections
of associated with ortho implants [143]. Hydroxyapatite is
used because it is a biocompatible ceramic that has been
found to improve the bioactivity [143]. Additionally, poly-
mer—polymer nanofiber composites might be useful in soft
tissue engineering, for example, created with a hydrophilic
intermediate layer comprised a mix of polyvinyl alcohol and
silk fibroin, while the top and bottom layers were created
separately from polylactic acid and polycaprolactone [144].
As a result, the material selection was exclusively decided
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by the functional characteristics required for the specific
application.

Interest in creating nanofibers using electrospinning tech-
niques for tissue engineering applications (shown Fig. 5) is
growing tremendously. These electrospun nanofibers resem-
ble the native materials with nanoscale characteristics. Spe-
cific responses for tissue regeneration are offered by extra
cellular matrix. Moreover, they show a high surface area-to-
volume ratio due to their high porosity and interconnecting
fibers, which change the chemical and physical character-
istics of the polymer composite. Moreover, the scaffolds’
three-dimensional structure offers a transitional support for
cell migration, proliferation, and adhesion in addition to
having favorable mechanical qualities for medical applica-
tions. The inclusion of additional materials to the scaffolds
in tissue engineering applications enables the development
of hybrid composite nanofibers with desired qualities. When
polymer-based nanofibers are combined with biocompatible,
natural materials, the resulting architecture creates scaffolds
with great mechanical strength and that also biomimetic and
have bio functional properties that may mirror those of genu-
ine bone. The recent discovery of bone tissue engineering
as a new medical preliminary strategy to treat tissue repair
by encouraging the formation and proliferation of bone cells
while providing a unique substrate for tissue repair at the
facture site (Shrestha et al. 2016b) [145].

Drug delivery is employed electrospun materials to
achieve controlled drug release. Using electrospun fibers
for drug delivery applications has some unique advantages,
including efficient drug loading and encapsulation, diversity
of material selection to be compatible with various drugs,
simple modulation of the release rate, and simple process-
ability. Specific attention is given to common mechanisms
of sustaining the release of drugs loaded in the fiber-based
formulations. The release mechanism is simply defined
as “the way in which drug molecules are transported or
released.” Understanding the release mechanisms is a key
step to developing the DDS dosage form. Regardless of the
dosage forms, different release mechanisms or rate control-
ling processes in the polymeric DDSs have been reported
in the literature, mainly including dissolution of the drug,
diffusion through water-filled pores, diffusion through the
polymer matrix, degradation, erosion, swelling, and osmotic
pumping. However, the three main release mechanisms asso-
ciated with drug release from common dosage forms are
diffusion (through water-filled pores or the polymer bulk),
degradation/erosion, and osmotic pumping. Among these
mechanisms, the degradation/erosion does not require drug
transport within the polymeric matrix, whereas in the other
ones, the drug molecule transport is to be released. In diffu-
sion-controlled rate systems, the drug molecules randomly
move out of the device through a difference of chemical
potential as a driving force. The diffusion can occur within

a polymer matrix or across a polymeric membrane, which
surrounds a drug reservoir core [125, 146].

The primary account of functionalization that offers good
benefits in incorporating the hydrophobic and hydrophilic
drugs, particularly in the fast dissolving drug delivery mate-
rials, is the incorporation of different active agents through
direct mixing with the electrospun solution. To this aim,
responsible efforts are being made to create electrospun
nanofiber-based rapid dissolving drug delivery systems
based on different hydrophilic polymers and drug molecules
for a range of medical uses. Early work in this area addressed
the construction of rapid delivery of drugs systems for
poorly soluble pharmaceuticals using electrospinned blend
solution of ibuprofen and polyvinylpyrrolidone (K30) poly-
mer as model drug carriers. Solution of electrospinning was
made by dissolving polyvinylpyrrolidone K30 and ibupro-
fen in ethanol and setting the concentration of polymer at
30% (w/v), and the concentration of drug was 7.5% (w/v),
which was utilized in the electrospinning process. From the
insight into the thermal degradation, morphology, and crys-
talline nature of the drug, the interaction of drug molecule
with polymer was characterized using a polarized optical
microscope, scanning electron microscope (SEM), differ-
ential scanning calorimetry (DSC), and Fourier transform
infrared (FT-IR) spectroscopy. Additionally, the wetting
and dissolution behavior of the nanofibers encapsulated has
been researched to better understand their rapid dissolving
property and the related results indicated the nanofibers were
enclosed tightly. Additional drug release was determined to
be 84.9% and 58.7%, respectively, within the first 20 s, with
total dissolution reached in 40 and 60 s [147]. Electrospin-
ning is an excellent method for encapsulating several drugs
in to their fibers for various medical purposes. An effort has
been made to show the encapsulation of paracetamol and
caffeine in polyvinylpyrrolidone fibers through electrospin-
ning and their potential in oral rapid dissolving films [148].
PVA nanofibers encapsulated with riboflavin and caffeine
as model medicines for oral rapid dissolving delivery sys-
tems with dissolution and wetting times of roughly 1.5 and
4.5 s, respectively [149], was proposed. Natural biopolymers
have recently received a lot of attention as a drug carrier
compared to the synthetic or semisynthetic polymers. The
encapsulation of medication in pullulan/chitosan composite
nanofiber through electrospinning is a unique model in the
production of oral fast dissolving films [150]. Recognizing
the various advantages of electrospinning technology that
offers promise in several applications, considerable inter-
est is continuously seen in the modification of conventional
electrospinning setups. Coaxial electrospinning is a cutting-
edge technique that involves the continuous flow of various
solutions through distinct coaxial capillaries, resulting in
the physical separation of core/shell fibers. Many processing
factors impact coaxial electrospinning in the same way as
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they do ordinary electrospinning. The creation of core/shell
fibers has broad implications for the development of drug
delivery systems with a burst or sustained release character-
istics. Furthermore, with the help of spinning shell polymer,
active substances that do not develop fibrous nature can be
contained in the core of the fiber additionally, the method
has the advantage of encapsulating two or more drug mol-
ecules with varying solubilization and biological activity
into a single delivery system. As a result, given all of the
merits of coaxial electrospinning, the technique has been
widely adopted in the formation of drug delivery systems
[151, 152]. As a result, rapid dissolving medication deliv-
ery devices have been developed utilizing this method. In
this context, a specific demonstration employed a coaxial
electrospinning method to construct a rapid dissolving sys-
tem encapsulated with the weakly water-soluble medicinal
quercetin [153] was reported. Emulsion electrospinning
gives a possible alternative, enabling the formation of
core—shell nanofibers by encapsulation of the drug inside
micelles. Usually, the formation of drug-containing micelles
occurs by addition of a supernatant to a water solution of the
drug itself. Vigorous mixing of the so-formed micelles with
an oil solution of the polymer forms a stable emulsion suit-
able for electrospinning. The advantages are mainly two: the
first is a minimized contact of the bioactive molecule and the
organic solvent, allowing the use of various combinations of
hydrophilic drugs and hydrophobic polymers and the second
advantage is due to the easy formation of uniform core—shell
structure without the use of specific coaxial apparatus.
Another approach for drug loading involves surface immo-
bilization of the bioactive molecule after the electrospinning
process. Thus, it is possible to avoid every contact between
the active molecule and the organic solvent, preventing any
undesired degradation. Another advantage is the preserva-
tion of the original degradation and mechanical proprieties

Drug
loading

Nanocomposite

Drug nanocomposite scaffold

of the polymeric matrix. However, achieving a longer release
over time requires strong non-covalent bonding between the
polymer and the drug and usually a cross-linking process.
Another strategy adopted for the fabrication of fast dissolv-
ing oral involves the supramolecular complexation of drugs
before the spinning process. The use of cyclodextrin allowed
the formation of a complex with hydrocortisone, before the
direct spinning of the solution. The so-formed cyclodextrin-
hydrocortisone fibers proved to be a very promising material
for oral delivery application due to the increase in solubil-
ity and fast dissolution [4]. Table 2 summarizes the wound
dressing, tissue engineering, and bone regeneration in appli-
cations of various polymer-based electrospun nanofibers and
fiber mats utilized as topical drug delivery. Despite their
various shortcomings in manufacturing, biopolymer nano-
particles can transport bioactive chemicals to target tissues
and cells. Drug-loading capacity and wide size dispersion
are the advantages. Furthermore, because biopolymer-based
nanoparticles can be tailored to certain sizes, they may be
sustained for an extended length of time, making them an
appealing therapeutic agent for drug delivery. Figure 6
depicts a schematic representation of drug loading in nano-
composites and the drug delivery mechanism. Plant-derived
polysaccharides and animal-derived proteins make biopoly-
mers. Silk, gelatin, collagen, and albumin are the most com-
mon proteins used in the drug delivery.

In Vitro Studies on Drug Release

The practical applications of drug release have been reported
in the literature to help readers to identify such uses some
case studies have been given here. To fully understand the
ciprofloxacin release, two sets of in vitro drug-release exper-
iments were performed [154]. First, a modified paddle tech-
nique for single-medium dissolution (pH 7.4 PBS) was used

Delivery
mechanism

Drug delivery at target site

Fig.6 Schematic diagram of drug loading in fibres and delivery mechanism

@ Springer



Biomedical Materials & Devices (2024) 2:342-364 355
Table 2 Electrospinned nanofibers and their potential applications

Polymer Fabrication method Application References
Hyaluronan and PVP Electrospinning Burst release [181]
PVP and PNIPAM Electrospinning Triphasic drug release [182]
PLCL and PNIPAAm Electrospinning Thermosensitive drug release [183]
PCL/gelatin Electrospinning Controlled drug release [184]
PEO and PLA Electrospinning Biphasic release [185]
Bletilla striata and PCL Electrospinning Sustained drug release [186]
Chitosan and gelatin Electrospinning Sustained drug release [187]
PCL/chitosan Electrospinning Sustained drug release [188]
Chitosan/PVA Electrospinning Initial burst followed by sustained release [189]
PLGA/PVP Coaxial electrospinning Initial burst, then sustained drug release  [190]
PCL/chitosan Coaxial electrospinning pH-responsive drug release [191]
PVA/PCL Coaxial electrospinning pH-responsive drug release [192]
PCL/Zein with TiO, Nanoparticles Coaxial electrospinning Sustained release [193]
Poly (p,L-lactic acid) Electrospinning Nerve growth hormone release [194]
PCL/ PEP Electrospinning Interfering RNA release [195]
PVP Electrospinning Hemorrhage [196]
Poly(lactic-co-glycolic acid) Electrospinning Corneal abrasion [197]
PCL Electrospinning Prevent strokes [198]
Poly-L-lactic acid Electrospinning Antithrombotic [199]
Chitosan Electrospinning Anticancer [200]
PEG Electrospinning Anticancer [201]
Chitosan/alginate Electrospinning Skin wound dressing [202]
Gelatin Electrospinning Skin wound dressing [203]
Hyaluronic acid and silk fibroin Electrospinning Wound dressings and antibacterial patch  [204]
Polydopamine Electrospinning Anti-infection agent [146]
Galactomannan polymer Electrospinning Antibacterial tablets [205]
PCL (ethylene glycol) Electrospinning Anticancer [206]
PVC Electrospinning Anticancer [207]
Poly(r-lactic acid) Electrospinning Antimicrobial [208]
PCL Coaxial Antimicrobial [209]
Polyurethane Electrospinning Antifungal [210]
PEG and poly(pL-lactide) Electrospinning Wound healing [211]
Gelatin nanoparticles in Hyaluronic acid Dual Wound healing [212]
Silk fibroin Electrospinning Antioxidant [213]
Honey, chitosan, and PVA nanofiber Electrospinning Wound healing [214]
Chitosan/PEO/fibrinogen bio composite Electrospinning Wound healing [215]
Graphene oxide-chitosan/PVP Nanocomposite Electrospinning Wound dressing [216]
Chitosan, gelatin, &PCL Electrospinning Skin tissue engineering [217]
PCL-Chitosan Electrospinning Vascular tissue engineering [218]
Chitosan/PLA nanofiber Electrospinning Bone regeneration [219]
PVA/conjugated chitosan Electrospinning Drug delivery [220]
Tripolyphosphate/crosslinked—chitosan/PEO Electrospinning Drug delivery [221]
Chitosan/cobalt ferrite/TiO, nanofiber Electrospinning Drug delivery [222]
Carboxymethyl chitosan nanofiber Electrospinning Drug delivery [223]
Chitosan/PLA/graphene oxide/TiO, Composite nanofiber Electrospinning Drug delivery [224]

scaffold

Chitosan /poly(e-caprolactone diol) based polyurethane Electrospinning Drug delivery [225]
Chitosan/PEO nanofibers Electrospinning Drug delivery [226]
Peptide-loaded gelatin/chitosan nanofiber Electrospinning Drug release and antibacterial activity [227]
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to measure the drug release from NF6 nanofibers containing
ciprofloxacin comparable to with its corresponding physical
combination and a raw ciprofloxacin powder. At 37 °C, PBS
medium was used for the release studies. At 100 rpm, the
paddle was rotating. The buffer solution was then manually
sampled at intervals of 5, 10, 15, 30, 60, and 90 min, after
sampling, new PBS was added to the volume and followed
by a UV-Vis spectrophotometer with a maximum wave-
length of 275 nm. The calibration curve of ciprofloxacin in
pH 7.4 PBS was used to compute the cumulative ciprofloxa-
cin release of 25 to 100%. The average results and standard
deviations for each experiment were carried out in triplicate
and the average values are reported [154]. In addition, the
aforementioned Hanson dissolution tester explored a two-
stage release test as a biorelevant gastrointestinal transfer
methodology to better replicate the in vivo circumstances.
As the nanofibers included 1w/w% ciprofloxacin, a part of
25-mg ciprofloxacin powder was compared to a mass of NF6
electrospun sample that was 100 times bigger. Following the
addition of the samples to 25 ml of FaSSGF, 2-ml aliquots
were obtained at the following time intervals 1, 3, 5, 10, 15
and 30 min. Twenty-five milliliters of FaSSIF concentrate
was swiftly injected into the stomach media as a bolus just
after the previous sample. The buffer strength and surfactant
concentration of the FaSSIF concentrate are twice as strong
as those of the normal FaSSIF. In this manner, the final dis-
solving medium will be the standard FaSSIF after adding
25 ml of FaSSIF concentrate to 25 ml of FaSSGF. J.Mann
et al. have reported the process and preparation of the FaS-
SIF concentrate. After the medium change, 2-ml aliquots
were sampled at 1, 3, 5, 10, 15, 30, and 60 min. Fresh FaS-
SIF media was used to replace each volume that was taken.
During the experiment, the temperature in the dissolving
containers was thermostatic at 37 °C and the paddle speed
was set at 100 rpm. Similar to the previous release research,
the absorbance values obtained by UV-Vis spectrophotom-
etry at a maximum of 277 nm and 272 nm in the case of
the FaSSGF and FaSSIF medium, respectively, were used
to determine the cumulative drug release (25 to100%). The
results and standard deviations for each experiment were
carried out in triplicate are presented [154]. In vitro diffusion
investigation was made by the use of the Franz diffusion cell.
The receptor compartment was held at 370 °C and filled with
20 ml of acetate buffer at a pH of 5.5. An improved nanofiber
sample was kept in the donor compartment over a dialysis
membrane. The 1-ml aliquot was taken out and replaced
after a reasonably long period of time with a fresh buffer
solution held at the same temperature. The substance was
tested in triplicate at 336 nm with a UV spectrophotometer
[155].

Utilizing a diffusion method at a pH of 5.5 piroxicam-
loaded nanofiber patches were subjected to in vitro drug-
release tests. Based on the results, it was discovered that
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the pH 5.5 was used to control the in vitro drug release.
Drug release from PRX 1, PRX2, PRX3, PRX4, and PRX5
formulations in an acetic buffer with a pH of 5.5 was
84.65%, 86.78%, 91.96%, 94.86%, and 87.88%, respec-
tively. Researchers observed the release of piroxicam from
nanofiber patches during a 12-h period in a pH 5.5. The for-
mulation PRX4 showed a greater release rate than the other
formulations evaluated between PRX1 and PRXS5 [156].

Study of the Kinetics and Mechanism of Drug
Release

The dissolving kinetics of the ciprofloxacin powder were
compared to the release kinetics of ciprofloxacin from the
electrospun nanofiber and the physical mixture. The acquired
cumulative drug release and time curves were fitted with five
different mathematical models: (1) zero-order, (2) first-order,
(3) Hixson—Crowell, (4) Higuchi, and (5) Korsmeyer—Pep-
pas model to characterize the kinetics. The regression coef-
ficient (R?) value was calculated and compared in order to
assess which model was used [121].

In Vitro Diffusion Study

An essential approach for foretelling how a medicine would
act in vivo is in vitro diffusion profiling. The outcomes of the
in vitro skin permeation tests of the curcumin from nanofiber
transdermal patches at 24 h was done. The total quantity of
drug diffusion from the 17.5 weight percentage cellulose
acetate phthalate formulation was 309.02 pg/cm?. Mixed
zero-order/ first-order kinetics were used to determine the
cumulative quantity of medication that permeated through
the pig skin per square centimeter of patch over time. The
in vitro diffusion profiles for the formulations did not fit
closely with either zero-order (r*=0.8962) or first-order
kinetics (7*=0.973), which indicates that drug permeation
from the patch is governed by a diffusion mechanism. As
many diffusion processes can be represented by coupling
of a Fickian and non-Fickian mechanism, to describe the
controlled diffusion of drugs from polymer matrices, Ritger
and Peppa introduced the power law equation M,/M ) =K?",
where M, is the amount of drug released at time ¢, M, is
the nominal total amount of drug released at K the kinetic
constant, and n is the diffusion exponent that is used to char-
acterize the release mechanism. The value of n can be calcu-
lated from the slope of In(M /M) versus Int and can indicate
the operating diffusion mechanism. The Fickian mechanism
predominated in all formulated nanofibers, according to
the n value (0.504) determined using this equation. In this
situation, the Fickian mechanisms findings confirm those
of Higuchis equation. As a result, the patches show a drug
delivery mechanism that is dominated by diffusion [156].
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Theoretical Studies on Polymer-Based Nanofiber

Complexes made of ampicillin and starch in various com-
binations are reported. This system has been successfully
tested with the B3LYP basis set calculations. There was
no fictitious frequency in this case. They calculated three
typical configurations of complexes formed from ampicil-
lin and starch. The total energies for configurations was
— 4003.999471, — 4003.999251, and — 4003.986094 a.u.
The complexes with the selective configurations appear to
be more stable than the complex with the other configu-
ration. In addition, hydrogen bonding interactions can be
attributed to the OH bond lengths vary from 1.8 to 2.9 A,
Between starch and ampicillin, there are 9, 9, and 3 hydro-
gen bonds, respectively. To sum up the oxygen atoms in
carbonyl, the oxygen atoms and hydrogen atoms in carboxyl
and the hydrogen atoms in the benzene ring are the active
sites for ampicillin molecules. The hydrogen atoms and oxy-
gen atoms in starch molecules act as also active sites [157].

The models from hydrophilic peptide show an indirect
relationship between biological activity and the molecular
properties of the octanol-water partition coefficient (logP),
the AGAP energy (AGapFE) and therefore the potential of
ionization.

However, the HOMO orbital energy (Eyopmo), total abso-
lute charge, and Ghose—Crippen molar refractivity (AMR)
are terms that have been specifically linked to the activ-
ity and affinity. Biological activity is described by ADME
model. The thermodynamic and transport properties of the
molecular system, topological, and molecular descriptors
that were employed in the simulation algorithm analysis.
The thermodynamic and transport characteristics of a chemi-
cal system are influenced by the Van der Waals interactions,
also known as London scattering attractions, which connect
the molecule electronic polarizability and molar refractiv-
ity. AMR is a constitutive additive characteristic that may
be calculated to take into account atom-level contributions,
connectivity, and several other corrective factors. AMR has
historically made major contributions to the study of elec-
tron binding in organic molecules, making it a vital physi-
cal-chemical parameter can be effectively used to predict the
binding and delivery of the drug with nanofibers in future
[158].

Future Outlooks

The negative problems relating to the electrospun nanofibers
could be solved using a thorough and organized theoretical
methodology. In future, medical treatment may find useful
to treat patients using the tailored scaffolds with combined
tissue engineering and precise medication release using
nanofibrous materials. Customized nanofiber with distinctive

qualities and simplicity of application might become more
significant in personalized treatment very soon. The devel-
opment of several platforms for drug delivery technologies
has advanced significantly as a result of the introduction of
diverse nanofiber manufacturing processes. Although these
technologies have advanced significantly recently, still cer-
tain restrictions are there. Leading research in solution blow-
ing, electrospinning, centrifugal spinning making its way to
large-scale manufacturing and certain systems are already
in the pipeline. Even though these cutting-edge approaches
have demonstrated considerable potential in generating uni-
form and continuous fibers, the intricate, multifarious work-
ing solution parameters and associated elements affect fiber
manufacturing should be addressed. As a result of these fac-
tors, the uses of nanofibers through preclinical and clinical
examination to aid the process to the medical treatment is
warranted.

Conclusion

In conclusion, the review gives a general overview of elec-
trospun nanofiber-based drug delivery systems, focusing on
their distinguishing characteristics, such as their large sur-
face area, high porosity, excellent drug encapsulation char-
acteristics through various methods, and controlled release.
Also, this study summarized recent developments in the cre-
ation and use of hydrogel-based biomedical nanofiber, with
a particular focus on drug-release functionality. The elec-
trospun composite biomaterials for regenerative medicine,
medication delivery, tissue engineering, and other uses are
discussed in various aspects. For example, the application
stars from wound healing. The review also looked at the list
of synthetic polymers, natural polymers, and polymer-free
nanofibers used in the creation of the drug delivery systems,
by acknowledging their hydrophilic nature and capacity to
form a hydrogen bond with encapsulated drugs that attempt
to achieve uniform drug distribution and release of drugs
which results in enhanced therapeutic effectiveness. It has
become quite common to use electrospun biodegradable pol-
ymer networks embedded in hydrogels made of polysaccha-
rides is also discussed. The nanofibrous created by conven-
tional electrospinning may deliver drugs with targeted drug
delivery in response to pH conditions and can give quick
and prolonged drug release is noted. Coaxial electrospinning
can create materials with several uses is highlighted. Creat-
ing intelligent and regulated medication delivery systems
is simple and convenient using electrospinning method is
explored. Electrospinning potential uses virtually endless
and serve as a great foundation for the creation of novel drug
delivery systems that maximize therapeutic benefit while
reducing negative effects are the points highlighted in the
various sections of this review. A drug-loaded electrospun
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fiber patches may be a practical place to begin exploring
for a novel platform that is optimized for drug delivery and
compatibility with transdermal enhancers. Additionally, it
exhibits improved diffusion, lowers the dosage frequency
and improves patient compliance, and produces powerful
controlled release patches when applied topically. So, the
kinetics of drug delivery is discussed in a variety of situa-
tions, chemical reactivity has been effectively justified and
explained using quantum reactivity. As a result, these zones
show a positive area that electrophile groups can assault. The
release mechanism characteristics of polymer-based drug
delivery systems have been extensively studied using DFT.
It is anticipated that increased multidisciplinary efforts for
the future of nanomedicine from the atomic perspective at
a low cost with accurate and reliable quantum mechanics
calculations will be stimulated by the logic of rational drug
delivery systems and the continuous improvement in com-
puting power of DFT is taken into account finally. Thus,
this review offers the guide to the researchers in biomedical
materials and drug delivery systems.
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